The use of waste biomaterial for the adsorption of heavy metal ions is an economically appealing alternative to conventional metal ion removal methods. In the present work, S. cerevisiae biomass has been shown to be capable of the simultaneous removal of more than 98% of Pb(II) ions, 60% of Zn(II) ions and up to 55% of Cu(II) ions from aqueous solutions in the 10-50 mg/ concentration range. Model equations describing the removal efficiency of each metal ion were determined using Response Surface Methodology (RSM) with respect to operating conditions such as pH, initial metal ion concentration and biomass dosage. Characterization of the metal ion-biomass interactions responsible for biosorption was studied employing zeta potential measurements, BET, FT-IR and EDX techniques; these indicated that the uptake of metal ions by non-living yeast was a surface adsorption phenomenon. The results proved the involvement of an ion-exchange mechanism between the adsorbing metal ions and the cell walls. In the presence of the complete range of metal ions studied, yeast cells were more selective towards Pb(II) ions.
INTRODUCTION
The first global inventories of metal emissions into the environment made by Nriagu and Pacyna (1998) revealed that the release of heavy metal ions from industrial activities without proper treatment has disrupted the natural biogeochemical cycles of such metal ions, thereby causing increased levels of heavy metal ions in the atmosphere, soils and aquatic eco-systems. Toxic metal ions are non-biodegradable and persist in the environment and, through a process of bioaccumulation in plants and animals, they can enter into the food chain and pose adverse effects on human and environmental health (Srivastava and Goyal 2010) . While many methods of metal ion removal including ion-exchange, chemical precipitation, adsorption, etc. are available, bio-adsorption (biosorption) processes based on an adsorbent derived from waste and natural bio-materials exhibit significant cost and environmental benefits . Although, biosorption has long been known as an inexpensive and promising method for heavy metal ion removal from wastewaters Kotrba et al. 2011) , industrially relevant methods for the removal of toxic metal ions have not yet been devised (Volesky and Naja 2007; Lesmana et al. 2009 ), mainly due to perceived performance inconsistency and a lack of in-depth process models. Comprehensive studies using conditions relevant to real wastewater streams are needed for the treatment of high volume and low concentration complex wastewaters containing a mixture of toxic metal ions (Sengil and Özacar 2009) .
To date, many low-cost sorbents have been investigated for single metal ion adsorption, but the most effective biomaterials for competitive multi-metal ion removal have not yet been identified. Yeasts are one of the most commonly used organisms in bioprocess engineering. Of these, the S. cerevisiae strain is more recognized due to its high fermentation rates and easy cultivation using inexpensive media (Kordialik-Bogacka 2011) . It is also readily available in large quantities as industrial fermentation waste that can be employed in biosorption processes. Among the various heavy metal ions that are abundant in the environment, Pb(II), Cu(II) and Zn(II) are well recognized for their toxicity (Naja and Volesky 2009; Alluri et al. 2007; Igwe and Abia 2006) and their high inputs into aquatic eco-systems from different sources such as electric power plants, metal mining and smelting, manufacturing processes and atmospheric fallouts. Emissions containing these metal ions are among the highest, with global rates of 138, 237 and 112 thousand tonnes per year for Pb(II), Zn(II) and Cu(II), respectively (Nriagu 1990) . The objective of the present work was to evaluate both the single and multi-component metal ion adsorption performance of S. cerevisiae as an adsorbent for toxic metal ions including Pb(II), Cu(II) and Zn(II) from aqueous solutions.
The solution pH is probably the most dominant factor in the biosorption of metal ions (Wang and Chen 2006) . Marques et al. (2000) observed a pH shift from 4-5 to 7-8 for Cu(II) ion biosorption by the brewery waste biomass of S. cerevisiae, which led to precipitation of the metal ion. However, most biosorption studies have considered only the initial pH of metal ion solutions, with the change in pH during adsorption being unmonitored (Ghorbani et al. 2008) . Thus, another objective of this work was to investigate the adsorptive performance of S. cerevisiae in the absence of any chemical precipitation, employing chemical equilibrium data obtained from the MINEQL+ database and adjusting the pH during the biosorption process to ensure that the metal ions were removed by biosorption alone. In this study, the optimum conditions for process parameters such as pH, initial metal ion concentration and biomass dosage on the multi-metal ion removal efficiency were determined using statistical tools such as Response Surface Methodology (RSM). Applying RSM in biosorption studies allows helps the number of experimental runs considering the interactions among the variables to be reduced, and enables the evaluation of the individual and relative importance of parameters as well as their cumulative effects (Ghorbani et al. 2008; Preetha and Viruthagiri 2007; Ferreira et al. 2009; Cojocaru et al. 2009 ). Although the metal ion removal capabilities of biomaterials such as yeast cells are well established, the mechanism of metal ion biosorption is not yet fully known (Wang and Chen 2006) . Hence, the possible retention mechanisms of metal ions on yeast cell walls have also been investigated in the present study using different surface characterization techniques.
MATERIALS AND METHODS

Biomass preparation
The medium for the growth of S. cerevisiae (Baker's yeast from Fleischmann's Co.) was prepared using a 20 g/ aqueous solution of the commercial molasses as the hydrocarbon source, 1 g/ (NH 4 ) 2 SO 4 and 1 g/ KH 2 PO 4 (Aksu and Donmez 2003). Inoculum preparation was conducted by aseptically transferring the active dry yeast to a 500 m flask containing the medium after being autoclaved at 121 °C for 21 min. The flask was then incubated for 16-20 h at 30 °C in a shaker at 250 rpm. The fermentation bioreactor was a vessel of 15 capacity equipped with two series of flat blade Rushton turbine impellers. Fermentation was started by introducing the prepared inoculum into the bioreactor at an aeration rate of 1 vv/min with 250 rpm mixing at room temperature. After a period of 20 h (the end of the log-phase of growth), the yeast biomass was separated from the liquid medium by centrifuging at 4000 rpm for 15 min. The biomass was then washed several times with distilled water (Milli-Q Fisher Scientific) followed by centrifugation until the supernatant was clear. Bayrock and Ingledew (1997) reported that the D-value (a measure of the heat resistance of a micro-organism) of S. cerevisiae yeasts heated at 80 °C is typically of the order of seconds, which means that 90% of cells are destroyed in a matter of seconds at this temperature. Since biosorption is mainly a passive process employing the dead biomass as the adsorbent , yeast cells were inactivated in this work by thermal treatment. Based on the earlier heat-treatment methods (Cojocaru et al. 2009; Padmavathy et al. 2003; Özer and Özer 2003; Machado et al. 2009 ), the yeast biomass was dried in a hot air oven for 24 h at 65 °C.
Biosorption experiments and metal ion analysis
Analytical grade Pb(NO 3 ) 2 , Cu(NO 3 ) 2 and Zn(NO 3 ) 2 were used (Alfa Aesar) for the respective Pb(II), Cu(II) and Zn(II) ion stock solutions. Nitrate was chosen as the counterion for the metal ions because of its low tendency to form metal ion complexes (Ma and Tobin 2004) . Biomass samples of concentrations in the range 1-7 g/ were contacted with single and ternary metal ion solutions of concentration in the range 10-50 mg/ . The pH values of the metal ion and biosorbent solutions were adjusted to the desired values by adding 0.5 N HCl/NaOH solutions at different stages of the biosorption process. Although the addition of NaOH for pH adjustment increased the Na + ion content of the solutions, it has been shown that Na + ions have little effect on the biosorption of heavy metal ions (Ansari et al. 2011) .
Batch adsorption experiments were conducted in a 500 m flask fitted with a magnetic stirrer (200 rpm rotation speed) at room temperature. The supernatant from the aqueous samples was assayed for metal ions using an inductively coupled plasma spectrophotometer (Varian ICP-OES) with the capability to scan for all elements simultaneously at very low detection limits (10 ppb), thereby allowing rapid and precise sample processing. Metal ion uptake and removal efficiency were calculated on the basis of mass balance via the equations:
(1) (2) where C i and C e are the initial and equilibrium metal ion concentrations, respectively, in mg/ , m is the amount of dried biomass in g, and V is the solution volume in .
Single metal ion solution chemistry (chemical equilibrium)
For metal ion treatment studies by biosorption, it is very important to know the chemical equilibrium of the ions in order to ensure that biosorption is the only process responsible for metal 
Characterization of the yeast surface
BET (Brunauer-Emmett-Teller) analysis was performed using an Accelerated Surface Area and Porosimetry analyzer (ASAP 2010 instrument, Micromeritics Inc., Norcross, GA, U.S.A.) to measure the surface area and porosity of the yeast biomass. The surface area of 1.59 m 2 /g thus obtained indicates that the dried yeast biomass was not a porous material, in contrast to other adsorbents such as activated carbon. To identify the elements on the cell walls of yeast, a Hitachi Scanning Electron Microscope SEM (S-4800) in conjunction with an EDX (Energy Dispersive X-ray) analyzing system was employed. EDX spectra of yeast biomass before and after exposure to metal ions were also obtained. Surface charge analysis of the yeast cells before and after biosorption was conducted via a zeta potential analyzer (ZetaPlus) provided by BIC Brookhaven Instruments. The infrared spectrum of the yeast biomass was obtained using a Fourier-transform infrared spectrometer (FT-IR, Bruker) to identify the functional groups present on the yeast cells.
Response Surface Methodology (RSM) for biosorption optimization
The influence of pH, initial metal ion concentration and biomass dosage on the removal efficiency of yeast cells has been characterized in the present study. The objective of using RSM was to determine an optimum operation for multi-metal ion biosorption in the design space available. Central Composite Design (CCD), a type of response surface design, was used employing the Design Expert7 program (Anderson and Whitcomb 2005) which was capable of regression analysis of the experimental data and evaluating the influence of each variable. A design of 20 experimental runs in five levels (coded values: -α, -1, 0, +1 and +α) including four factorial design points (+/-1) and four star points (α = 2) representing the axial design points (+/-α) with six replicated centre points was formulated (Table 1) . The range of variables was selected on the basis of the initial single metal ion experiments presented in Section 3.2. Coded values of the input variables (or factors) were calculated via the Design Expert program using equation (3), and the behaviour of the system in this study for competitive metal ion biosorption with N input factors was estimated via the empirical quadratic model shown in equation (4):
where X i and X j …X k are the variables (or factors), X 0 is the value of X i at the centre point, x i are the coded levels of the factors, ∆X is the step change value, Y is the response, and b 0 , b i , b ii and b ij are the coefficients of the terms in the regression equation. All the batch experiments in this work were carried out in triplicate and the mean values of three data sets are presented.
RESULTS AND DISCUSSION
Multi-metal ion speciation modelling
The chemistry of metal ions in aqueous media depends on the solution pH, the temperature and the ionic strengths employed. In biosorption processes, the pH affects the site dissociations of the biomass as well as the chemical speciation of the metallic ions. Different metal ions precipitate at different pH values, which consequently affect their removal efficiencies from aqueous solution. To investigate the metal ion removal efficiency solely by biosorption without the influence of precipitation, it is very important to understand the corresponding multi-metal ion solution chemistry. Chemical equilibrium data obtained by speciation modelling software (MINEQL+) over the pH range 3-7 and metal ion concentrations within the range 5-100 mg/ for the ternary metal ion system [Pb(II) + Zn(II) + Cu(II)] are presented overleaf in Figure 2 . Using these data, pH values
were selected so that no precipitation of any metal ion in the mixture occurred. Speciation modelling data showed that no precipitation would occur from aqueous solutions containing a mixture of Pb(NO 3 ) 2 , Zn(NO 3 ) 2 and Cu(NO 3 ) 2 at a pH value of 5.50 or lower when equal concentrations of each metal ion of 50 mg/ or lower were present in the solution. From the estimates of the chemical speciation of the studied metal ions present simultaneously in the solution, it was concluded that insignificant amounts of complex compounds were formed in metal ion nitrate solutions (data not shown).
Single ion metal biosorption
Figure 3 presents the zeta potential curves of both the metal ion-loaded and unloaded biomass as a function of pH. The isoelectric point, i.e. that at which the cells carry a zero net charge, was found to occur at a pH value of ca. 2.0, below which the cells were positively charged. The negative charge on the surface increased with increasing pH and reached a plateau at a pH value of 7-8. The surface charge on the untreated cells was probably due to the adsorption of hydrogen ions (H + ) onto the surface at pH < 2 causing positive charging, while the adsorption of OH -ions at higher pH values led to negative surface charges. Higher negative charges imply a better interaction with the positively charged metal ion species. The change in the zeta potential profile for the metal ion-adsorbed biomass suggested that, upon cation adsorption, the surface charges were becoming less negative. Such surface charge reversal, which occurred in the presence of metal ions at pH values between 2.2 and 4, should be contrasted with the sharp change that occurred in the absence of metal ions at pH 2. Figure 4 shows that the removal capacity of yeast biomass in the adsorption of Pb(II), Zn(II) and Cu(II) ions depended on the solution pH. It may be observed that the metal ion removal efficiencies increased as the pH values increased from 3 to 5.5 for Pb(II) ions, from 3 to 6 for Zn(II) ions and from 3 to 5 for Cu(II) ions, respectively. This increase was due to the presence of higher negative charges responsible for metal ion binding on the surface of the biomass at ca. pH 5 (refer to Figure 3) . The results suggested that the biosorption was based on electrostatic interactions between the metal ions in solution and the negatively charged surface of the biomass. Metal ion precipitation zones are also marked in Figure 4 to indicate the biosorption and metal ion precipitation regions.
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Effect of nutrient composition on biosorption
The biosorption performances of two types of yeast biomass obtained from the aerobic cultivation of yeast cells using two different nutrient recipes were compared for the adsorption of single metal ions [Cu(II)]. As mentioned above, most of the biomass used in the present work was obtained using molasses as the hydrocarbon source. A second nutrient solution consisting of 20 g/ dextrose, 5 g/ peptone, 3 g/ yeast extract and 3 g/ malt extract (Volesky and MayPhillips 1995; Bueno et al. 2008) was also used in some experiments. The results ( Figure 5 overleaf) showed that the nutrient composition employed for the growth of yeast cells had no effect on the adsorption capacity of yeast biomass for metal ion adsorption, although a slightly lower equilibrium concentration of Cu(II) ions was observed when molasses was used as the hydrocarbon source. The effects of nutrients on the uptake of metal ions may be the result of different fermentation broth residues on the surfaces of the cells arising from the different nutrients. For practical purposes, the use of different media can be significant. The cost of the fermentation nutrient medium is an important consideration in assessing the total costs of the biosorption process in real applications. Thus, the cost of dextrose is an order of magnitude more than the use of molasses for yeast growth. As a consequence, molasses was used as the growth medium for S. cerevisiae for all the experiments presented in this work.
Biosorption kinetics and isotherms
In biosorption, as in any other adsorption process, the binding of sorbate species from the aqueous phase to the biosorbent continues until equilibrium is established between them. A study of the kinetics of a biosorption process is necessary to determine the time required to achieve equilibrium. In this work, the first sample was taken within the few seconds of the exposure of the solution containing of metal ions to the biomass; however, when the centrifuge time is taken into consideration, the first sample was actually taken within the first 3 min of biosorption. Figure 5 indicates a rapid adsorption of metal ions by the biosorbent, with the residual concentration of metal ions in the solution being almost constant after the first sample had been taken. Rapid metal ion biosorption is desirable for continuous operation as it determines the size of the biosorption equipment. As shown in Figure 5 , in the data illustrated the uptake rate was very fast in that more than 95% of the metal ion uptake was completed within less than 3 min. To analyze the biosorption equilibrium data and biosorption performance, the linear form of the Langmuir sorption model [equation (5)] was used: (5) where q max is the maximum metal ion uptake in mg of metal ion per g of biosorbent (mg/g), b ( /mg) is the equilibrium constant related to the sorption affinity and q max is the total number of binding sites available for biosorption. The data listed overleaf in Table 2 show that the Langmuir isotherm exhibited a good fit to the equilibrium data. From the values of q max in Table 2 
Ternary metal ion biosorption system
In this study, the Central Composite Design (CCD) was used to optimize the metal ion removal efficiency of yeast cells. Three independent variables, viz. pH (X1), biomass dosage (X2) and metal ion concentration (X3), were studied with six replicates at the central point and a total of 20 runs. The experimental design data are listed in Table 3 . For each of the three factors, high (coded as +1) and low (coded as −1) points were selected according to the preliminary results obtained for single metal ion biosorption (Figure 4 ) in the absence of precipitation. The metal ion adsorption behaviour of yeast biomass was investigated and the significance of each variable, as well as the possible interactive effects of these variables on the percentage removal of metal ions, was evaluated by variance analysis (ANOVA). A quadratic model to describe the metal ion capacity of the biomass as a function of the experimental variables for each metal ion in the ternary metal ion system was established on the basis of ANOVA. Based on the regresssion equation (4), the empirical equations (6)- (8) were developed to generate response surface plots and contour maps for the analysis of the effects of the test variables on the capacity of yeast biomass for multiple metal ion adsorption: (6) (7) (8) where RE is the predicted removal efficiency (%) and x 1 , x 2 and x 3 are the coded values of the pH, biomass dosage and the initial metal ion concentration, respectively, and x 1 x 2 , x 1 x 3 and x 2 x 3 represent the interactions between pH and biomass dosage, pH and initial metal ion concentration, and biomass dosage and metal ion concentration, respectively. The 3-D graphical representations of the response surfaces and contours for removal efficiency of each metal are shown in Figures (6) - (14) based on the model equations (6)- (8). The results of analysis of variance (ANOVA) for the response surface models are also listed in Table 4 . The F-values (the test for comparing the variance associated with that term with the residual variance) implies that all the models were significant. Values of the probability (P-value) less than 0.0500 indicate that the model terms are significant, and values greater than 0.1000 indicate that the model terms are not significant. The ANOVA results indicated that for the removal of all metal ions, X 1 , X 2 , X 1 X 2 and X 2 1 were significant model terms, which means that pH (X 1 ) and biomass dosage (X 2 ) as well as their combination were dominant factors affecting the removal efficiency of all three metal ions by yeast biomass. As shown in the contour plots depicted in Figures 7 and 9 , the interactions between the initial metal ion concentration and pH, and between biomass dosage and pH, were found to be significant model terms for the removal of Cu(II) and Pb(II) ions, respectively. As can be seen in Figures 6 and 9 , an increase in pH (from 4 to 6) and biomass dosage (from 1 to 7 g/ ) led to an increase followed by a slight decrease in the removal of Cu(II) and Pb(II) ions from aqueous solutions. However, the tendency towards the adsorption of Zn(II) ions increased over the studied pH and yeast cell concentration ranges (Figure 12 ). With increasing biomass dosage, a greater number of binding sites or a greater surface area for metal ion adsorption were available. As mentioned earlier, changes in the solution pH affect the solution chemistry, the number of available functional groups for biosorption and the surface charge. A combination of these factors determines the overall effect of pH on the biosorption of metal ions. With decreasing pH, competition between hydrogen ions and metal ions for the available sorption sites increases leading to a restriction on the approach of the metal cations to the wall ligands Özer and Özer 2003) .
The variations in the removal efficiencies of Cu(II) and Pb(II) ions with initial metal ion concentration in terms of pH and biomass dosage are shown in Figures 7 and 8 and in Figures 10  and 11 for each metal ion, respectively. The removal of Cu(II) ions decreased slightly with increasing initial metal ion concentration in the solution for any combination of pH and biomass dosage.
For Pb(II) ions, it was found that the initial metal ion concentration had a direct effect on their removal. However, initial metal ion concentrations in the range 10-50 mg/ had no significant effect on the Zn(II) ion removal efficiency as shown by the almost vertical lines in the For Zn(II) ions, X 1 , X 2 , X 1 X 2 and X 2 1 were the only significant model terms with F-values less than 0.05 and no significant interactive terms between the initial Zn(II) ion concentration and other variables.
The fit of the models to the experimental data were evaluated via the R 2 and adjusted R 2 (Adj-R 2 ) coefficients. As listed in Table 4 (6)- (8) were employed to predict the removal efficiency of Pb(II), Cu(II) and Zn(II) ions in multi-metal ion systems.
The experimental and predicted responses for the biosorption of Pb(II), Zn(II) and Cu(II) ions in multi-metal ion system are compared in Figure 15 below, which demonstrates a good fit between them. Overall, it was found that at an initial metal ion concentration of 40 mg/ the removal of Pb(II) ions attained a maximum of 98% (RE) at a pH of 5 and a biomass dosage of 5.5 g/ . The maximum removal efficiency of Cu(II) ions was 55% at a pH value of 5, a biomass dosage of 4 g/ and an initial Cu(II) concentration of 10 mg/ . For Zn(II) ions, the maximum removal capacity of yeast cells was 60% at a pH value of 6, a biomass dosage of 4 g/ and an initial metal ion concentration of 30 mg/ . These results indicate that Pb(II) ions had the greatest affinity towards the binding sites on the walls of S. cerevisiae in both single metal ion and ternary metal ion systems. In the following sections, the simultaneous effects of environmental factors on the removal capacity of yeast cells for ternary metal ion systems will be examined using response surface optimization and solving the model equations for the removal efficiencies of the various metal ions.
Adsorption of Mixtures of Toxic Metal Ions Using Non-viable Saccharomyces cerevisiae
Competitive metal ion uptake from a ternary metal ion system
Most of the reported results for competitive biosorption of metals show that the uptake of metal ions from a multi-metal ion system is lower than that obtained from single metal ion solutions of the same metal ions (Ansari et al. 2011) . To evaluate this effect, the extent of competition between Pb(II), Cu(II) and Zn(II) ions for the binding sites of yeast cells in a mixed metal ion solution was tested. The corresponding results are depicted in Figure 16 , which shows a minor increase in the uptake of Pb(II) ions (from 13.4 to 14.9 mg/g) in the presence of equal concentrations of Cu(II) and Zn(II) ions.
In ternary metal ion mixtures, the uptake capacity for Cu(II) and Zn(II) ions decreased slightly; however, the sum of the metal ions accumulated on the metal ion affinity sites of yeast cells showed no change for the two systems considered (single metal ion versus three metal ion systems). Thus, although the yeast cells of S. cerevisiae were found to be more selective towards Pb(II) ions in multi-metal ion biosorption, the presence of three metal ions [Pb(II), Zn(II) and Cu(II)] in the biosorption solution had no effect on the overall biosorptive capacity of the yeast biomass. This finding is consistent with the observations of Ferraz and Teixeira (1999) for co-ion effects on the metal ion uptake by brewer's yeast. In contrast, Sengil and Özacar (2009) observed a decrease in the biosorption of Pb(II) ions in the presence of Cu(II) and Zn(II) ions. However, in a binary Pb(II)/Zn(II) metal ion system, the presence of Zn(II) ions at various concentrations levels had no effect on the uptake of Pb(II) ions. When the finite number of binding sites on yeast biomass and competition between metal ions for the occupancy of the available sites in the multi-element biosorption system are taken into consideration, it may be concluded that the adsorptive behaviour of yeast cells could be influenced by the sequence in which the metal ions are introduced into the system. When metal ions are dissolved in water to form dilute solutions, they are surrounded by water molecules to create hydrated species: (9) where M i+ (aq.) depicts the hydrated metal ion and i is the charge on the cation. As listed in Table 5 , all three studied metal ions had the same covalent charge, with the ionic radii of Cu(II) and Zn(II) being very close to each other since these elements have atomic numbers of 29 and 30, respectively. However, the Pb(II) ion has a larger ionic radius and hence a lower hydrated radius compared to Cu(II) and Zn(II) ions. Consequently, the Pb(II) ion exhibits a lower hydration enthalpy and a higher electronegativity than the other two metal ions. It has been reported that ions with a higher hydrated radius possess a larger hydration enthalpy, which means the energy required to detach water molecules from these cations to make them available for binding sites on adsorbents is comparatively higher than for ions with a lower hydrated radius (Sengil and Özacar 2009; Motsi et al. 2009). Özer and Özer (2003) also observed different affinities for the adsorption of Pb(II), Ni(II) and Cd(II) ions onto yeast cells which followed the order of the atomic radii of the metal ions as well as the electronegativity of the atoms.
Adsorption of Mixtures of Toxic Metal Ions Using Non-viable
In terms of the hydration radii and electronegativity, the extent of adsorption should follow the sequence Pb(II) > Cu(II) > Zn(II), while in terms of the hydration enthalpies the biosorption sequence should be Pb(II) > Zn(II) > Cu(II). These metal ion adsorption orders are consistent with the experimental results of the present work for the biosorption of metal ions by yeast cells under different environmental conditions. For instance, as shown in Figure 4 for single metal ion biosorption and listed in Table 3 for ternary metal ion combinations, the metal ion removal capacity of yeast biomass followed the reverse to the hydration radii of the metal ions [Pb(II) > Cu(II) > Zn(II)], whereas at a pH value of ca. 6, which is more favourable for Zn(II) ions, Amarasinghe and Williams (2007) .
the order changed to the same sequence as for the enthalpy of hydration [Pb(II) > Zn(II) > Cu(II)] when it was assumed that no metal ion precipitation occurred.
Characterization of yeast/metal ion interactions (mechanism of biosorption)
As mentioned earlier, the BET results revealed that the yeast cells were not porous. Hence, most of the interactions involving metal ions must occur solely on the surface of the non-living biomass. FT-IR spectroscopy was used to determine the functional groups on the yeast cells involved in the metal ion binding process. Elemental analysis of the cells by EDX spectroscopy was used as a surface characterization technique to provide qualitative and quantitative information regarding the elements present on the surface of the cells (Michalak et al. 2010) . Figure 17 depicts the FT-IR spectrum of unloaded yeast cells over the range 600-4000 cm -1 . The spectrum shows a distinct peak at 3286 cm -1 indicating the existence of both hydroxyl (-OH) and (-NH) groups. The doublet peaks at 2923 cm -1 and 2854 cm -1 may represent C-H stretching vibrations, while the peak at 1640 cm -1 can be associated with the C=O stretching vibration of a carboxylic acid, the peak at 1537 cm -1 corresponds to the amide II bond, that at 1239 cm -1 can be assigned to the P=O bond, while the absorption band at 1076 cm -1 may be attributed to -CN or -C-O stretching vibrations (Bueno et al. 2008; Choi and Yun 2006; Minamisawa et al. 2004) . The observed changes in the spectrum of the metal ion-loaded cells with respect to the unloaded cells are the shifts in the wavenumbers which mainly pertain to the -COOH, -OH and -NH bonds on the cell walls (see Table 6 overleaf). Similar changes have been observed for cadmium ion-loaded sewage sludge by Choi and Yun (2006) and by Akar et al. (2005) for the fungal biomass of Botrytis cinerea.
The EDX spectra of the in situ chemical composition of yeast cells before and after metal ion uptake are shown overleaf in Figures 18(a) and (b) , respectively. Comparison of the peaks for untreated and metal ion-adsorbed biomass that appear at 2.3426, 1.0118 and 0.9297 keV for Pb(II), Zn(II) and Cu(II) ions, respectively, confirms that biosorption mainly consisted of a surface adsorption that occurred onto the cell walls of the yeast cells. The EDX spectra also show that the peaks corresponding to potassium (K) at 3.3129 keV disappeared after biosorption. This observation suggests the possibility of the replacement of metal ions by K + ions on the cell walls of yeast, thereby implying that an ion-exchange mechanism was also involved between the metal ions in the aqueous solution and the ions on the yeast cell surface.
ICP metal ion analysis results for the supernatants of dissolved biomass solutions before and after metal ion biosorption showed increased levels of K + , Mg 2+ and Na + ion concentrations after biosorption (data not shown). The increase in the Na + ion concentration was mainly due to the additions of NaOH employed for pH control; however, the substantial increase in the concentration of K + ions confirmed the ion-exchange mechanism suggested by the EDX results.
Biosorption process optimization
The individual maximum removal efficiencies of yeast for Pb(II), Zn(II) and Cu(II) ions reported in the above sections were obtained on the basis of design experiment results. For real applications, any changes in the environmental conditions for metal ion removal, such as the pH of the biosorption column, would lead to different percentage removals for each metal ion in the mixture. The second degree polynomial regression equations (6)- (8) were solved using the Design Expert7 program to obtain the optimum conditions in the experimental design space that ensure a combined maximum percentage removal in the biosorption process involving the three metal ions in the absence of any chemical precipitation. The optimum values of the biosorption variables in this study necessary to attain a maximum removal of 90% of Pb(II) ions of an industrial waste stream containing 20 mg/ of Pb(II), Zn(II) and Cu(II) ions (as an example) are summarized in Table 7 . Depending on the concentration of heavy metal ions in an industrial effluent and the target removal set for each metal ion, it is possible to solve the model equations and obtain the optimum conditions corresponding to the desired metal ion removal via biosorption. 
CONCLUSIONS
Biosorption studies were carried out with both single metal ion and ternary metal ion solutions of Pb(II), Zn(II) and Cu(II). The non-living cells of S. cerevisiae adsorb Pb(II) ions to a greater extent than Cu(II) and Zn(II) ions in both single and multi-metal ion solutions. In a ternary metal ion system, yeast cells retained their overall metal ion uptake capacity, although a slight increase in the uptake of Pb(II) ions and a slight reduction in the uptake of Zn(II) and Cu(II) ions occurred.
FT-IR analysis of the spectra of untreated and metal ion-treated biomass revealed the chemical environments responsible for the biomass-metal ion interactions. Comparison of the EDX spectra of the dried biomass before and after metal ion exposure, and the ICP results for the supernatant solutions (mainly for K + ions), suggested the involvement of an ion-exchange mechanism in the adsorption of metal ions by yeast cells. Additionally, changes in the electrokinetic (zeta potential) properties of S. cerevisiae in the presence of metal ions suggested that the mechanism of biosorption involved electrostatic interactions between the solvated metal ions and the negatively charged functional groups on the biomass surface.
Regression analysis by RSM was used to predict the performance of simultaneous adsorption of Pb(II), Cu(II) and Zn(II) ions onto yeast cells. The resulting model equations for the efficiency of metal ion removal were well fitted by quadratic equations with statistically significant model F-ratios (< 0.0500) and Adj-R 2 values greater than 0.91. Process optimization helped to evaluate the simultaneous effects of pH, initial metal ion concentration and biomass dosage on the competitive biosorption of metal ions by yeast cells. Since the biosorption of heavy metal ions is a highly pH-dependent process, pH control was imperative during the adsorption process to ensure that biosorption was sole mechanism responsible for metal ion removal. Nevertheless, a combination of biosorption and chemical precipitation could be useful for practical applications on a commercial scale. The results obtained in this work provide the framework for further studies on the biosorption of metal ions in continuous systems.
